to evict electrons from their light-sensitive traps. These traps are steadily refilled after sediment deposition 23 and the longer the grains remain buried, the more TL they will emit when measured. In 1985, Huntley and 24 colleagues proposed 'optical dating' as a simpler and superior means of stimulating the light-sensitive traps 25 in Quaternary sediments, and this is now the principal luminescence-based method of dating geological and 26 archaeological deposits. Optical dating is an umbrella term for an armada of acronyms, the most common 27 in archaeological contexts being OSL (optically stimulated luminescence), TT-OSL (thermally-transferred 28 OSL), IRSL (infrared stimulated luminescence) and pIRIR (post-infrared IRSL). All of these variants are 29 founded on the same basic tenet -measurement of a light-sensitive signal to determine (typically) the last 30 time that sediment grains were sun-bleached -but each approach has its virtues and vices. In this paper, 31 we review this 'family' of luminescence dating techniques and look back on 30 years of optical dating in 32 archaeology. Some of the more interesting and important achievements are highlighted, including the 33 critical insights gained in the last two decades from OSL measurements of individual grains of quartz. We 34 also look to the future of optical dating in archaeological contexts. Efforts to extend the age limits of optical 35 dating to older hominin and archaeological sites will remain a key goal, and understanding how 36 archaeological sites -of all ages -form and evolve over time could be improved greatly by combining 37 micromorphology analysis with optical dating of undisturbed (intact) sediments. The latter poses a series of 38 particularly formidable technical challenges, but if the past is any guide to the future, then we can expect 39 optical dating to illuminate much more of human history before celebrating its Golden Jubilee. The environmental dose rate is the sum of the individual alpha, beta and gamma dose rates, plus the 133 contribution from cosmic rays, which is usually estimated from published equations (Prescott and Hutton, 134 1994) . Cosmic rays typically account for only a small fraction of the total dose rate, with the majority 135 supplied by the radioactive decay of uranium and thorium ( 238 U, 235 U, 232 Th and the daughter products in 136 each of these chains) and potassium ( 40 K) in the materials surrounding the dated grains or artefacts. These 137 radioactive elements are ubiquitous at low concentrations in the natural environment. For sand-sized 138 grains of quartz (and sometimes feldspar), the external alpha-irradiated rinds (the outermost ~25 µm) are 139 effectively removed during sample preparation by etching the grains in hydrofluoric acid, leaving beta and 140 gamma radiation as the chief contributors to the dose rate. For potassium feldspar grains, there is also a 141 significant internal beta dose rate from the radioactive decay of Aitken (1985, 1990, 1998) and Duller (2008a) review the various contributors to the environmental dose 143 rate and the methods most often used to measure them. 144 145
Ideally, the dose rate should have remained constant since the sample was last heated or buried. This 146 requires that the uranium and thorium chains have been in secular equilibrium -that is, the parent and 147 daughter radionuclides are present at equal activities -over this time span, or that the extent of any 148 disequilibrium has not changed. The measured beta and gamma dose rates may need to be adjusted if 149 time-dependent changes are implicated (Krbetschek et al., 1994; Prescott and Hutton, 1995; Olley et al., 150 1996 Olley et al., 150 , 1997 . A common form of disequilibrium in limestone environments is the leaching of uranium by 151 percolating groundwater, and radon gas may also be lost to the atmosphere. But if these and other forms 152 of disequilibria have operated continuously over the period of sample burial, then the measured dose rates 153 do not require adjustment. Moreover, most time-dependent disequilibria in the 238 U series are unlikely to 154
give rise to errors in the total dose rate of more than a few percent, unless only the parent uranium activity 155 is measured (Olley et al., 1996 (Olley et al., , 1997 . 156 157
The beta dose rate commonly contributes most to the total dose rate. Beta particles can penetrate up to ~3 158 mm through sediment, so differences in radioactivity over small distances can have a substantial effect on 159 the calculated dose rate. The total beta dose rate can be measured directly by counting all nuclear 160 disintegrations that emit a beta particle (Bøtter-Jensen and Mejdahl, 1988; Sanderson, 1988) or estimated 161 by measuring individual radionuclide concentrations and then converting these to beta dose rates. The 162 latter techniques include inductively-coupled plasma mass spectrometry (ICP-MS) and neutron activation, 163 which measure the parent uranium and thorium concentrations, as well as potassium. High-resolution 164 gamma spectrometry and alpha-particle spectrometry give additional information about the current state 165 of (dis)equilibrium of the 238 U and 232 Th decay chains from the activities of individual radionuclides, but not 166 all occurrences of disequilibrium in the past will have left traces that persist to the present day. Thick-167 source alpha counting -another emission-counting method -can also be used to determine uranium and 168 thorium concentrations (Aitken, 1985) , and these can be combined with measurements of the potassium 169 content (using techniques such as atomic absorption or emission spectroscopy, inductively-coupled plasma 170 optical emission spectroscopy or X-ray fluorescence) to calculate the total beta dose rate. 171 172
Each of these approaches has its merits and disadvantages. For samples affected by disequilibrium in the 173 238 U series, an unreliable estimate of the beta dose rate might be obtained if only the uranium 174 concentration is measured and the parent is not in secular equilibrium with its daughters. In such instances, 175 methods such as beta-counting and high-resolution gamma spectrometry should provide more accurate 176 estimates of the beta dose rate for the entire chain (Olley et al., 1996 (Olley et al., , 1997 . Another consideration when 177 measuring the beta dose rate is the size of the measured sample and its exact location relative to the dated 178 grains. The dosimetry sample is meant to give an accurate indication of the beta dose rate experienced by 179 these grains. But this presents something of a conundrum for single-grain dating, as it is not currently 180 feasible to reliably measure the beta dose rate at such small spatial scales. While equivalent doses can be 181 determined for single grains, the dose rate to each grain is estimated from the bulk sample. To calculate 182 true single-grain ages requires measuring and modelling in situ beta dose rates to individual grains. Ongoing 183 efforts and future directions in this field are discussed in Section 4. 184 185
The gamma dose rate can also be estimated using these laboratory techniques, but field measurements are 186 generally preferred as gamma rays can penetrate up to ~0. The 'optical' part of optical dating refers to the use of photons to stimulate the light-sensitive traps in 225 quartz and feldspar, with the equivalent dose -commonly abbreviated as D e -estimated from the intensity 226 of the induced luminescence. Over the last 30 years, a variety of light sources have been used to stimulate 227 these traps, resulting in a proliferation of terms (several of which are synonyms) and acronyms in the 228 literature. Table 1 summarises the main terms encountered, and how they relate to each other.  229  230  INSERT TABLE 1 HERE  231  232 The key feature that differentiates these variants is the colour of the light -that is, the wavelength or 233 energy of the photons -used to stimulate the electron traps. Blue or green light is most often used for 234 quartz, and the induced ultraviolet OSL signal is selected for dating. Feldspars, unlike quartz, are very 235 sensitive to infrared photons, so they are usually stimulated using infrared LEDs and the violet/blue IRSL 236 emissions are chosen for dating. The contrasting infrared sensitivity of these two minerals can be exploited 237 to check the purity of quartz and to stimulate feldspars in the presence of quartz. The OSL and IRSL signals 238 are much too weak to be seen with the naked eye, so they are measured using sensitive instruments -239 normally a photomultiplier tube fitted with glass filters to restrict transmission to particular photons. 240 241
When grains of quartz are exposed to light -whether natural sunlight or photon stimulation in the 242 laboratory -the traps giving rise to the OSL signal are quickly depleted. The most light-sensitive part of the 243 quartz OSL signal, called the 'fast' component, decays exponentially to background within a few seconds 244 ( Fig. 1a and 1b To obtain accurate ages, it is important to first weed out grains that are unsuitable for D e determination. 386
These grains can be identified and discarded before age estimation using a series of objective 'rejection 387 criteria' as internal quality-assurance checks of sample suitability ( It is not unusual to reject 80% or more of the measured quartz grains using the standard criteria, although 401 the proportion of rejected grains varies from sample to sample. among other things, grain-to-grain differences in luminescence sensitivity and behaviour, which are innate 420 in natural minerals (Fig. 1b) (Fig. 2b ) and those that have suffered from significant 502 anthroturbation or wholesale mixing (Fig. 2d) de-l'Azé I, II and IV (Jacobs et al., submitted). These sites have been investigated over many years, with 555 detailed chronologies obtained using state-of-the-art methodologies across multiple techniques. The dated 556 deposits collectively span the last ~100 ka and encompass a wide range of site-formation processes. 557 558
The ages obtained for these sites using the different methods are presented in Fig. 3 For simplicity, these simulations have commonly assumed that the beta dose hotspots are associated solely 617 with randomly scattered grains of potassium feldspar, although the reality is that natural deposits are much 618 more diverse and complex. The Australian sediment sample shown in Fig. 4 , for example, contains almost 619 no potassium feldspar; instead, heavy minerals rich in uranium and thorium are distributed randomly 620 among the quartz grains. By contrast, the sample from Pech-de-l'Azé IV (Fig. 5) has a non-random 621 distribution of potassium -the sediment matrix contains the highest concentrations, whereas the 622 limestone, flint and bone have much lower potassium contents. Individual sediment samples vary greatly in 623 the type and abundance of mineral and organic constituents, the extent of diagenesis that they may have 624 undergone, and the existence of microstratigraphic features -all of which can affect the beta dose rates to 625 single grains. These real-life complications impose limits on the value of extrapolating from idealised 626 models in the absence of specific information about the burial environment of a sample, but simulations 627 can provide a useful starting point for developing more realistic models of natural systems. The resulting data from these studies range from qualitative to fully quantitative, and the latter might be 685 used to guide the source geometry for a radiation-transport model to obtain spatially resolved estimates of 686 dose rate at each point on the surface of the rock, brick or sediment sample. Converting from two-687 dimensional measurements to dose rates in three dimensions requires additional information, which could 688 be obtained by measuring a series of successive slices to reconstruct the spatial distribution of 689 radionuclides throughout the sample. 690 691
In our laboratory, Jankowski (2015) has recently used X-ray computed microtomography (µCT) to map the 692 three-dimensional distribution of heavy minerals inside a resin-cemented sediment sample that is 693 otherwise predominantly comprised of sand-sized quartz grains . The heavy 694 minerals can clearly be seen in thin section (Fig. 4a) and on the µCT scan ( Fig. 4b and 4c) . Such minerals can 695 be highly radioactive. Jankowski et al. (2015) separated them from the other grains and measured beta 696 dose rates of more than 20 Gy/ka, which is 10 times the total dose rate of the bulk sample. Quartz grains 697 located near or next to these heavy minerals will receive enhanced beta doses, resulting in higher D e values 698 and possibly increasing the spread of the D e distribution. 699 700
Jankowski (2015) also examined resin-impregnated sediments from Pech-de-l'Azé IV, using a combination 701 of micromorphology and a portable X-ray fluorescence (pXRF) instrument to investigate the spatial 702 distribution of potassium. The sediment slice in Fig. 5a shows the chaotic nature of the anthropogenic 703 sediments, which contain bones burnt to various degrees, charcoal and ash, and limestone and flint 704 fragments. pXRF measurements were made every 3 mm, and the results are displayed as a contour map in 705 A microphotograph (taken in cross-polarised light) of the area bounded by the red square in Fig. 5a is 713 shown in Fig. 5b ; the white circle is 6 mm in diameter. The fabric of the deposit is highly variable at this 714 finer scale, too, and Fig. 5d shows the digitally extracted components in the circled area of Fig. 5b . Of 715 particular interest is the yellow coarse sand used for single-grain measurements: these grains are 716
surrounded by a variety of materials that will likely have different radioactivities and, thus, give rise to a 717 range of D e values for grains deposited at the same time. The extent of this scatter will depend on the 718 relative radioactivities of the different components, which will differ within and between samples. For this 719 particular sample, the potassium concentrations are low and the range is small (mostly 0.20-0.35%), so 720 spatial variations in the potassium-derived beta dose rate should not add significant scatter to the D e 721 distribution. Elements with low atomic number, such as potassium, can be difficult to measure reliably by 722 pXRF unless strict protocols are followed (Goodale et al., 2012; Johnson, 2014) . Instrument calibration using 723 well-characterised and matrix-matched reference standards is essential, as are reproducibility tests of 724 instrument stability over time. Jankowski (2015) used soil and rock standards from the National Institute of 725
Standards and Technology, and several in-house sediment standards measured by laboratory-based XRF. 726 727
An alternative route to spatially resolved dose rates is to measure the radioactive emissions directly from 728 the surface of the sample. This approach co-opts autoradiography technology intended for biomedical 729 research, but dating applications require the detection of radiation at far lower levels, so signal collection is 730 challenging. At Wollongong, we are experimenting with Medipix and Timepix hybrid detectors (Llopart et  731 In their landmark study, Huntley et al. (1985) showed an increase in OSL intensity with depositional age for 788 quartz grains from a sequence of stranded beach dunes ranging in age from modern to more than 700 ka. 789
Optical dating has since been applied mainly to deposits younger than ~200 ka because of the saturation 790 limit of quartz OSL (making it difficult to date older events unless the environmental dose rate is unusually 791 low) and the anomalous fading of feldspar IRSL (for which reliable correction methods are available only for 792 samples younger than ~50 ka). So optical dating currently covers most, if not all, of the time span of Homo 793 The red TL emissions from volcanically and archaeologically heated quartz grains have also been examined 836 for their long-range dating potential, after it was discovered that they saturate at high doses (Hashimoto et 837 al., 1986 (Hashimoto et 837 al., , 1987 Fattahi and Stokes, 2003a; Hashimoto, 2008 More recently, the TT-OSL (Wang et al., 2006a (Wang et al., , 2006b (Wang et al., , 2007 and VSL (Jain, 2009; Ankjaergaard et al., 2013) 843 signals from quartz have been tested as prospective Middle and Early Pleistocene timekeepers. The TT-OSL 844 signal is measured by first emptying the OSL traps and then heating the sample at an elevated temperature 845 to thermally transfer electrons from deep traps into the vacant OSL traps. For silt-sized grains of Chinese 846 quartz, Wang et al. (2006b) found that the TT-OSL signal continued to grow to many thousands of Gy, 847 enabling them to date back almost 800 ka (Wang et al., 2006a Infrared radiofluorescence (IR-RF) dating of potassium feldspar has also been investigated as a means of 911 circumventing anomalous fading (Trautmann et al., 1998 (Trautmann et al., , 1999a . IR-RF is the infrared luminescence 912 emitted while applying an ionising radiation dose in the laboratory. The signal decays in intensity as a 913 function of laboratory dose, and can be detected from individual feldspar grains (Trautmann et al., 2000) . 914
Good agreements between IR-RF and independent ages have been reported (Trautmann et Fig. 7a is a recent compilation of pIRIR (290°C) and independent age estimates for 116 sediment samples (Li 938 et al., 2014a) . Thirty of the 41 samples older than 100 ka have pIRIR ages consistent with the independent 939 estimates at 2σ, although the scatter is large. We caution readers that most comparisons of luminescence 940 and independent ages are not done 'blind' -that is, in the absence of information about the expected age -941 and this shortcoming is compounded by the common tendency in science for 'negative' results not to be 942 published, as well as replication bias (Ioannidis, 2005 (Ioannidis, , 2012 Fanelli, 2012 values at temperatures of 200°C and higher indicating that a non-fading signal has been isolated (Fig. 1c) . 949 Fig. 7b shows that the sensitivity-corrected MET-pIRIR (250°C) ages for 38 samples are in excellent 950 agreement with independent ages over the last 300 ka, and 95% of the ages lie within 2σ of the 951 independent estimates. As most of these samples are from northern China, the feldspar grains are likely to 952 have similar luminescence behaviours, so further age comparisons should include samples from other 953 geological provinces to test the wider validity of the MET-pIRIR procedure. 954 955
The pIRIR and MET-pIRIR signals commonly saturate at doses of ~1000 Gy (Buylaert et al., 2012a; Li et al., 956 2014a), which is equivalent to 350 ka at typical environmental dose rates for feldspars. This upper age limit 957 can be extended by a further 50% -to encompass the entire Middle Pleistocene -by exploiting the strong 958 'pre-dose' dependence of the sensitivity of the MET-pIRIR signal, T x , which can retain a 'memory' of the 959 radiation dose received by the grains in nature (Li et al., , 2014b . This signal can be bleached by 960 sunlight, saturates at a much higher dose (~1500 Gy) than the sensitivity-corrected signal (L x /T x ) and does 961 not require a residual-dose correction. The high-temperature pMET-pIRIR traps also appear to be immune 962 from fading, and ages consistent with independent estimates of up to 500 ka have been obtained from the 963 T x and L x signals (Fig. 7b) . The latter is measured with higher precision than T x , but requires a residual-dose 964
correction. Both signals show considerable promise as new long-range chronometers and, when used in 965 tandem, provide an internal cross-check on the reliability of the pMET-pIRIR ages (Li et al., 2014b  Post-infrared IRSL signal, stimulated at a high temperature after bleaching the sample with infrared photons at a lower temperature to empty the traps affected most by anomalous fading.  MET prefix indicates successive infrared stimulations at multiple elevated temperatures.  TR prefix refers to the time-resolved OSL measured during and between a series of brief pulses of optical stimulation (TR-IRSL for infrared stimulation).
 IR-RF, infrared-radiofluorescence: emission of infrared photons (rather than stimulation by infrared photons) while an ionising radiation dose is being applied. Also referred to as radioluminescence (RL).  pMET-pIRIR, pre-dose MET-pIRIR procedure: exploits the dose-dependent sensitivity of hole centres, rather than electron traps.  POSL, pulsed OSL: restricted to the OSL measured only in the periods between stimulation pulses. TR-OSL and POSL are also used for quartz.
TABLE 1: Summary of principal terms and common acronyms applied to optical dating of quartz and feldspar. Also listed are some other acronyms that occasionally appear in the literature for the same or related luminescence phenomena. 
